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SUMMARY 

A p i lo ted   s imula t ion   s tudy   has   been   under taken   to   de te rmine   the   feas ib i l i ty   and  
p o t e n t i a l   b e n e f i t s  of u t i l i z i n g  a forward-looking  display t o  provide  information  that  
would enable   a i rc raf t   to   reduce   the i r   in - t ra i l   separa t ion ,   and   hence   increase  runway 
capaci ty ,   through  the  appl icat ion of multiple  glide-path  approach  techniques. This 
por t ion  of the   s tudy  w a s  a n   i n i t i a l   e x p l o r a t i o n   i n t o  a concept i n  which t r a f f i c  
information was added t o  a head-up d isp lay  (HUD) format t o  a l low  the   p i lo t  t o  monitor 
t h e   t r a f f i c   s i t u a t i o n  and t o   s e l f - s p a c e  on a l e a d   a i r c r a f t   d u r i n g  a s ing le   g l ide-pa th  
approach  task. 

The t e s t s  were  conducted i n  a motion-base  cockpit   simulator  configured  as a 
cu r ren t -gene ra t ion   t r anspor t   a i r c ra f t .  The dynamic e f f e c t s  of the   vor t ices   genera ted  
by t h e   l e a d   a i r c r a f t  were also  included i n  the  s imulat ion.  An e lec t ron ic   d i sp l ay ,  
which was provided i n   t h e   f r o n t  windscreen  location  of  the  simulator,   presented  an 
out-the-window color  scene of t he   s imu la t ed   t e r r a in  combined with  computer-generated 
symbology used to   r ep resen t   i n fo rma t ion   t ha t  might  be presented i n  a HUD. The 
information  included  typical   a i rcraf t -guidance  information and the   cu r ren t  and p a s t  
pos i t ions  of the  lead  a i rcraf t .   Addi t ional ly ,   the   displayed  information  provided 
self-separat ion  cues  which  allowed the   p i lo t   t o   ma in ta in   s epa ra t ion  on the   l ead  air-  
craft   while  performing  an  instrument  approach  to  landing.  Separation-performance 
da ta  and p i l o t   s u b j e c t i v e   r a t i n g s  and comments were obtained  during  approaches where 
the  separat ion  cues  were provided by e i t h e r   a n   a i r   t r a f f i c   c o n t r o l l e r   o r   t h e   d i s -  
played symbology. 

The r e s u l t s  of th i s   s tudy   ind ica te   tha t   the   d i sp lay   concept   could   p rovide   suf -  
f i c i e n t   i n f o r m a t i o n   t o   t h e   p i l o t   f o r   t r a f f i c   m o n i t o r i n g  and  self-separat ion.  A major 
r e s u l t  of th i s   s tudy  was tha t   an   i nc rease  i n  s i t ua t iona l   awareness ,   r e l a t ive   t o  con- 
ven t iona l   i n s t rumen t   f l i gh t ,  was provided t o   t h e   p i l o t  by t h e   d i s p l a y e d   t r a f f i c  
in format ion .   Addi t iona l ly ,   the   t es t   resu l t s  showed t h a t  a reduction of i n t e r a r r i v a l -  
t ime   d i spe r s ion   r e l a t ive   t o  a control ler   providing  separat ion  cues  i s  poss ib le  by 
us ing   the   d i sp layed   in format ion   for   se l f   - separa t ion .  

INTRODUCTION 

In   general ,   a i rports   operate  a t  a much h ighe r   e f f i c i ency   du r ing   v i sua l   f l i gh t  
condi t ions   as  compared with  instrument  meteorological  conditions.  This increased 
e f f i c i ency   can   be   a t t r i bu ted ,   i n   pa r t ,   t o   r educed   i n - t r a i l   s epa ra t ion  (below the  
s tandard imposed f o r  wake-vortex  consideration)  that  is  rout inely  used by p i l o t s  
during  visual  approaches.  This a b i l i t y   t o   u t i l i z e  a reduced  separation i s  made 
poss ib le  by t h e   p i l o t ' s  knowledge  of h i s   f l i g h t   p a t h  and  of t he   pa th  of t h e   l e a d   a i r -  
c r a f t ,  and a l s o  by the  adjustment of h i s  own path  (based on h i s  knowledge  of wake- 
v o r t e x   b e h a v i o r )   r e l a t i v e   t o   t h e   l e a d   a i r c r a f t .  

Two primary  techniques  that,  in  conjunction, may al low  a i rports   operat ing  under  
ins t rument   condi t ions   to   ach ieve   near ly   the  same l e v e l  of capac i ty  as t h a t   r e a l i z e d  
under   visual   condi t ions  are   mult iple   gl ide-path  approach methods  and the   reduct ion  of 
t h e   i n t e r a r r i v a l   s e p a r a t i o n   i n t e r v a l s   c u r r e n t l y   r e q u i r e d  between a i r c r a f t .   A i r c r a f t  
in te rar r iva l   separa t ion ,   a l though a d i r ec t   func t ion  of a i rpo r t   capac i ty ,  i s  present ly  



Although the  multiple  glide-path  approach method i s  not  a new idea,  i t s  imple- 
mentation  has  not  been  init iated  because of several   possible   operat ional   problems 
associated  with it, the  primary  ones  being:  interference of the   naviga t ion   s igna l ,  
lack of  adequate  missed-approach  guidance,  communication interference  and  delay 
(delayed go-around i n s t r u c t i o n s ,   e s p e c i a l l y   c r i t i c a l   w i t h   r e d u c e d   s e p a r a t i o n ) ,  and 
p i lo t   w i l l i ngness   t o   accep t   r educed- sepa ra t ion   s t anda rds   (bo th   l a t e ra l ly   and   l ong i -  
t u d i n a l l y ) .  ?he in t roduct ion  of t he  Microwave Landing  System (MLS) may reduce  or 
a l l ev ia t e   t he   nav iga t ion - s igna l   i n t e r f e rence  problem s i n c e  a microwave system i s  n o t  
as s u b j e c t   t o   r e f r a c t i o n  as a conventional  instrument  landing  system ( I L S ) .  Addi- 
t i o n a l l y ,  MLS has   t he   po ten t i a l   fo r   r e so lv ing  many of t he  missed-approach r e s t r i c -  
t ions  via   precis ion-departure   guidance.  By providing  information  that  would enable 
t h e   p i l o t   t o  be r e s p o n s i b l e   f o r   s e l f s e p a r a t i o n ,   t h e  problems  associated  with com- 
munication  interference  and  pilot   acceptance  could  probably be  minimized t o  a l e v e l  
such  that  reduced-separation,  multiple  glide-path  approaches would be ope ra t iona l ly  
feasible .   In   seeking methods t o  improve a i rpo r t   capac i ty ,   t he re fo re ,   t he   ques t ion  
a r i s e s   a s   t o  whether   an  e lectronic   display,   present ing  the  data- l inked  posi t ion  of  
sur rounding   a i rc raf t   t ra f f ic ,   could   p rovide   in format ion  which would e n a b l e   t h e   p i l o t  
t o  be  responsible   for   sel f -separat ion  under   instrument   condi t ions  to   a l low  for   the 
pract ical   implementat ion of reduced-separation, m u l t i p l e  glide-path  approaches. 

A r e sea rch   e f fo r t   has   been   unde r t aken   t o   add res s   t h i s   ques t ion  and t o  determine 
t h e   f e a s i b i l i t y  of t h i s  concept .   ?he  s tudy  specif ical ly   addressed  in   this   paper  w a s  
a n   i n i t i a l   e f f o r t   i n   t h i s   a r e a .  The primary  objective of t h i s   s t u d y  w a s  t o  determine 
whether  information  could  be  satisfactorily  provided  on a forward-looking,  head-up 
d i sp lay  ( H U D )  fo rmat   tha t  would pe rmi t   t he   p i lo t   t o   mon i to r  and  maintain a prespec- 
i f i ed   i n - t r a i l   s epa ra t ion   i n t e rva l ,   t o   mon i to r   adhe rence  of t h e   p r e c e d i n g   a i r c r a f t  
w i t h   r e s p e c t   t o  i t s  des igna ted   g l ide   pa th ,   to   de tec t   unant ic ipa ted   ac t ions  by t h e  
p reced ing   a i r c ra f t ,  and t o  monitor runway occupancy.  ?he opera t iona l   t ask  was a n  
I L S  approach to   landing  while   fol lowing a s i n g l e   l e a d   a i r c r a f t  on the  same approach 
path.   Euring  this  study,  each of t h r e e   p i l o t s   f l e w  33 approaches  with  data  being 
t aken   i n   t he  form  of q u a n t i t a t i v e  measurements  and p i lo t   ques t ionna i r e s .  

SYMBOLS AND ABBREVIATIONS 

AGS 

ATC 

HUD 

I AS 

I A T  

I FR 

ILS 

2 

aircraf  t-guidance symbol 

Air   Traff ic   Control  

head-up d i sp lay  

ind ica ted   a i r speed  

i n t e r a r r i v a l  time 

Instrument  Flight  Rules 

instrument  landing  system 



I' 

IMC instrument   meteorological   condi t ions 

r m s  r o o t  mean square   o r   quadra t ic  mean 

SELF pi lo t   respons ib le   for   separa t ion   main tenance  

TOGA takeoff  and go-around 

AT dev ia t ion  from  nominal time spacing 

V nominal f i n a l  approach  speed,  knots 
r e f  

RESEARCH SYSTEM 

Simulator  Description 

This  study employed t h e  Langley  Visual/Motion  Simulator  (fig. 1 )  , which is  
a part-task,  six-degree-of-freedom,  motion-base  simulator  capable  of  presenting 

Figure 1 .- The Langley  Visualflotion  Simulator. 

e" ..-.""I""""-.-._..._ ,. . "". . .. . I.... 



realist ic a c c e l e r a t i o n   a n d   a t t i t u d e   c u e s   t o   t h e  pi lot .  Audio cues  for  aerodynamic 
buffet ing  and  engine  noise  were a l so   p rovided .  The aircraf t  dynamics  modeled w e r e  
those of a Boeing 737 and  included  nonlinear  aerodynamic  data  and  atmospheric 
effects.   Conventional  electromechanical  navigation  instruments,  which  included a 
ho r i zon ta l - s i t ua t ion   i nd ica to r ,  a fl ight  director,   and  distance-measuring  equipment 
(DME),  were provided in   t he   cockp i t .   Ne i the r   an   au top i lo t   no r  a s t a b i l i t y  augmen- 
ta t ion   sys tem w a s  provided t o  t h e  pi lot .  In addi t ion,   no attempt w a s  made t o  
dupl ica te   any   spec i f ic  aircraft  cockpi t   configurat ion  or   control-wheel   force-feel  
c h a r a c t e r i s t i c s .  This simulator  is  fu r the r   desc r ibed   i n   r e f e rence  1. 

Additions t o   t h e   a i r c r a f t   f o r c e   a n d  moment equations  caused by the  vortex  f low 
f i e l d s  were made based  on a s t r ip- theory   t echnique   descr ibed   in   re fe rence  2. The 
vort ices   generated by t h i s  method were f o r   a n   a i r c r a f t   i n   t h e  normal  landing  con- 
f i g u r a t i o n  (wing  leading-  and  trailing-edge  flaps  deployed, a l l  landing   f laps  a t  30°, 
landing  gear down, a l i f t   c o e f f i c i e n t  of 1.40, and a ve loc i ty   o f  140 knots)  a t  a 
weight of 509 914 l b   ( f i g .  2). After generation,  the  vortices  descended a t  a rate of 

Wing span, 195. 7 ft 
Wing area, 5500 ft2 

Aspect ratio, 6.96 

Weight, 509914 Ib 

/"-- 

Figure 2.- Drawing of vo r t ex -gene ra t ing   a i r c ra f t  
used i n   t h i s   s i m u l a t i o n   i n v e s t i g a t i o n .  

6 f t/sec unt i l   they  reached a p o i n t  600 f t  below the i r   gene ra t ion   po in t ,  a t  which 
time they  ceased t o  descend. To s imula te   g round  e f fec t ,   vor t ices   tha t  came within 
60 f t  of  the  ground were he ld  a t  t h a t   a l t i t u d e  and were spread outward a t  a ra te  of 
6 f t / sec .  !he lower  than  nominal  descent rate (with  nominal  being  approximately 7 t o  
8 ft /sec)  and  the  lower  than  nominal maximum-descent posit ion  (with  nominal  being 
approximately 900 f t  below the   genera t ion   po in t )  were used t o  provide  worse  than 
normal  vortex  conditions by keeping  the vortices c l o s e r   t o   t h e   f l i g h t   p a t h  of  the 
generat ing aircraft. 

4 



, .  .. . . ...... .. . .. . ... .. , , .. . _. . .. . ... . 

The visual   landing  display  system (VLDS) I s h a m   i n   f i g u r e  3, prov ides   t he   p i lo t  
with  an out-the-window color scene of the   s imula ted   t e r ra in .  'Ihe sys tem u t i l i z e s  a 

L- 75-7496 

Figure  3.-Visual  landing  display  system a t  the  Langley  Research  Center. 
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60-f t  by 24-f t   three  dimensional ly   scaled  terrain model, including a l a rge  commercial 
a i r p o r t ,   t h a t  is t r a v e r s e d   i n   t h r e e   a x e s  by a gan t ry   ca r ry ing  a c losed -c i r cu i t   co lo r -  
t e l e v i s i o n  camera.  Gantry movements account   for  a i rcraf t  spat ia l  position,  whereas 
the  television-probe  optics-system  motions  account for  heading,  pitch,   and bank  of 
t he   a i r c ra f t .   Add i t iona l ly ,   t he   capab i l i t y   ex i s t s  t o  s imulate  IMC f l i g h t   w i t h   t h i s  
system by the  employment of a c o n t r o l l a b l e   s k y p l a t e   i n  i t s  opt ical   probe.  Camera and 
gantry  motions  are commanded  by the   a i r c ra f t - s imula t ion  computer  program,  and the  
resu l t ing   scene  is  r o u t e d   t o   t h e  window screen  of   the  s imulator .  

Primary  Display Hardware 

The primary p i l o t   d i s p l a y   f o r   t h i s   s t u d y  employed an out-the-window v i r t u a l -  
image system of the  beam-split ter ,   reflective-mirror  type.  The system,  located nom- 
i n a l l y  50 i n .  from the   p i lo t ' s   eye ,   p re sen ted  a nominal 48O width by 36O h e i g h t   f i e l d  
of  view  of a 525-line  raster  video  system  and  provided a 46O by 26O instantaneous 
f i e l d  of view. The system  supplies a co lor   p ic ture   o f   un i ty   magni f ica t ion   wi th  a 
r e so lu t ion  on the  order  of 9 min of arc. The forward-looking, HUD-type p resen ta t ion  
f o r   t h i s   s t u d y  w a s  obtained by mixing  the  video  signal  from  the VLDS camera with  the 
video  output  from a graphic  system by Adage, Inc.,  which  generated  the HUD 
symbology. 

Con t ro l l e r ' s   S t a t ion  

A s impl i f ied  a i r  t r a f f i c   c o n t r o l l e r ' s   s t a t i o n  w a s  used i n  a por t ion  of t h i s  
study. This s t a t i o n  employed a 20-in. monochromatic  cathode-ray  tube f o r   t h e  con- 
t r o l l e r ' s  scope. The d isp lay   format   for   th i s   device   ( f ig .  4 )  was generated by t h e  
same graphics   system  that   generated  the HUD symbology. In add i t ion   t o   t he   s cope ,  a 
d i r e c t  two-way te lephonic   l ink  w a s  provided  from t h i s   s t a t i o n   t o   t h e   c o c k p i t   t o  
s imulate   the  ground-air   radio  l ink.  

xx534 

I' " - 4 -  - 4 -  
\ 
9-  
" 

NASA5 15 
91 2 2  

\ 

Figure 4.- Typical  scene as presented on the  approach  control ler ' s   d isplay.  
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Waf f ic-Generation  Technique 

The d i s p l a y e d   t r a f f i c  w a s  generated from data   previously  recorded by u s i n g   t h e  
Langley  Flight  Simulation Computing Subsystems. S p e c i f i c a l l y ,   t h e   t r a f f i c   d a t a  were 
crea ted  by using a p i lo ted   s imula t ion   capabi l i ty ,   where in   f l igh ts  were made along a 
p a t h   t h a t  w a s  prescr ibed by the  tes t  scenario.  The da ta  from  these  individual 
f l i g h t s  were recorded  and  then, by time co r re l a t ing ,  were  used as the  parameters   for  
t h e   l e a d   a i r c r a f t .  

EXPERIMENTAL DESIGN 

Basic-Display  Forqat 

The bas ic -d isp lay   format ,   exc luding   the   t ra f f ic   in format ion ,  was the  ILS 
approach  portion  of  the HUD format  developed  for  the McDonnell Douglas DC-9-80 (known 
as the  Super 80) ( r e f s .  3 t o  5). Information on t h i s   d i s p l a y  w a s  made ava i l ab le  by 
the  Douglas Ai rc ra f t  Company,  who developed  the  concept,  and  Sundstrand Data Control, 
Inc. , who designed  and b u i l t   t h e  HUD equipnent. This format w a s  e s s e n t i a l l y  command 
o r i e n t e d   i n   t h a t  of the  three  guidance-related symbols (command r e f e r e n c e ,   a i r c r a f t  
guidance,  and  category I1 ILS "window" 1 ,  only  the command-reference  symbol moved 
conformally  with  the  external  view. 

The components  of th i s   format ,  shown i n   f i g u r e  5 f o r   a n   a r b i t r a r y   s i t u a t i o n ,  
were as follows: The a t t i t u d e   r e f e r e n c e  marker,  which w a s  a nonmoving symbol, was 
used in   conjunct ion   wi th   the   hor izon   l ine   to   ind ica te   p i tch   a t t i tude   and   heading .  
The hor i zon   l i ne  and i t s  as soc ia t ed   p i t ch  scales moved conformally  with  the  pitch  and 

Heading  symbol 

%!!-,-Horizon line  with 5' 

Attitude-reference  marker 

Course-reference  symbol 
heading  marks 

I I J I I 

rCommand-reference  symbol 

Aircraft-guidance  symbol 

-Category I1 ILS symbol 
Speed  error 

135 300 
-Altitude 

A i r s p e e d l  /Vertical speed -700 

IO- - - " - 10 

The  conditions  shown  are  as  follows: 

0 2 O  pitch  attitude .Within the  category I1 ILS limits 
0 Z 0  right  drift-correction  angle  (slightly  low  and  to  right) 
0 135-knot  airspeed 0 3 knots  slow 
0 300-ft  altitude .Pitch-up and  roll-left  command 

0 700-f t/min  descent 

Figure 5. - Basic-display  format. 
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r o l l   a t t i t u d e s  of t he   a i r c ra f t .   Add i t iona l ly ,   t hese  scales t r a n s l a t e d   i n   t h e  r o l l  
a x i s   t o   i n d i c a t e   t h e   d r i f   t - c o r r e c t i o n   a n g l e   ( " c r a b "   a n g l e )  of t h e   a i r c r a f t .  This 
angle  w a s  determined by comparing the   course   re fe rence  symbol,  which w a s  f i x e d  t o  t h e  
horizon  l ine,   wi th   the  heading symbol, which moved i n   p i t c h   a n d   r o l l   w i t h   t h e   h o r i z o n  
l ine   bu t   d id   no t   t rans la te   wi th   heading .  The command-reference  symbol was always 
under  the  course-reference symbol and would overlay  the  aiming  point  on  the runway. 
The aircraf t -guidance symbol ( A G S )  could  conceptually  be  thought of as t h e   p o s i t i o n  
p ro jec t ion  of t h e   a i r c r a f t   b e i n g  flown. The movement of t h i s  symbol, which  combines 
the   des i red   g l ide-s lope   angle ,   the  ILS e r r o r ,  and   var ious   a i rc raf t   pos i t ion   and  a t t i -  
tude  parameters,  i s  such   tha t  by over lay ing   the  command-reference symbol w i t h   t h i s  
symbol, a smooth t r a n s i t i o n   t o   t h e   g l i d e   p a t h  w i l l  occur  and  be  maintained. The 
category I1 ILS window symbol provided a measure  of deviat ion  f rom  the  nominal   gl ide 
path  and w a s  r e f e r e n c e d   t o   t h e  AGS; hwever ,   t he   s ca l ing  w a s  no t   un i ty   and   the  
loca t ion  of the  window symbol w a s  not  conformal  with  the  outside view un le s s   t he  
a i r c r a f t  was flying  exactly  along  the  nominal  approach  path.  

It  should  be  noted  that  the  guidance symbology w a s  oriented  toward  category I1 
ILS  approaches.  In addi t ion   to   these   a t t i tude-   and   pa th-guidance  symbols, a speed- 
e r r o r  symbol was also  provided. This symbol  grew v e r t i c a l l y  as a funct ion of  speed 
e r r o r  where a 3-knots-fast   indication would show the  symbol being above the  "wing" 
l i n e  of t he  AGS and i ts  length  being  equal  t o  the   rad ius  of t he   cen te r   c i r c l e   o f   t he  
guidance symbol. The e r r o r   s i g n a l   t o   d r i v e   t h i s  symbol came from t h e   f l i g h t - d i r e c t o r  
a lgori thm of t h e   a i r c r a f t .  

The display  format w a s  software windowed t o   p r o v i d e  a 30° wide by 20° h igh   f i e ld  
of view. 

Traffic-Display Format 

The t ra f f ic -d isp lay   format   ( f ig .  6 )  was i d e n t i c a l  t o  t h e   b a s i c d i s p l a y   f o r m a t  
w i th   t he   add i t ion  of t h ree  symbols: the  present-posi t ion symbol  of t he   l ead  

I I II v I I I 

Deviation-from-nominal 

time-spacing  symbol 1 
Present-position  symbol 

of  lead  aircraft 

- 2d 0 Past-position  symbol 

135 300 
of  lead  aircraft 

-700 

i o -  - - 
The  conditions  shown  are  as  follows: 

0 Leader  is  slightly  high o n  the ILS. 

0 Leader  was  slightly  low on the ILS. 
0 2-sec  slow  separation  error 

" - IO 

Figure 6. - Waf f ic-display  format. 

8 



a i r c r a f t ,   t h e   p a s t - p o s i t i o n  symbol of t h e   l e a d   a i r c r a f t ,  and t h e  numeric  symbol f o r  
devia t ion  from  nominal time spacing. The genera l   concept   in   the   formula t ion  of 
t hese  symbols was t o  provide  the  pi lot   wi th   adequate   information so that   he   could:  
( 1 )  assess the   po ten t ia l   danger  stemming  from the   vor t ices   genera ted  by the   l ead  
a i r c r a f t ,  ( 2 )  modify h is   approach   prof i le   for   vor tex   avoidance ,  and (3) a d j u s t   h i s  
speed to   p rov ide   fo r   adequa te   i n - t r a i l   s epa ra t ion .  With t h i s   i n  mind, it w a s  de t e r -  
mined t h a t   t h e  lateral  dev ia t ion  of t h e   l e a d   a i r c r a f t   r e l a t i v e  t o  the   g l ide   pa th  w a s  
of no  concern t o   t h e   f o l l o w e r  as long as t h e   l e a d   a i r c r a f t  remained  within  nominal 
I L S  limits. For this   reason,   and  while   the  within- l imits   condi t ion w a s  met, t he  
lateral  pos i t i on  of t h e   l e a d   a i r c r a f t  w a s  n o t  shown t o   t h e   f o l l o w e r .  The r a t i o n a l e  
and  implementation fo r   each  of t h e  symbols are g iven   in   the   fo l lowing   d i scuss ion .  

Present-posi t ion symbol  of l e a d   a i r c r a f t . -  The primary  purpose  of  the  present- 
pos i t i on  symbol  of t h e   l e a d   a i r c r a f t  (Lpresent), which w a s  represented by a l e f t  and 
r i g h t  "wing, w a s  t o  provide   in format ion   to   the  p i l o t  on how accura te ly   the   l ead  
a i r c r a f t  w a s  fo l lowing   the   in tended   pa th .  This information w a s  important  since it 
w a s  used as the  major f a c t o r   i n   d e t e r m i n i n g   i f  a missed-approach  procedure w a s  
required  (because  of some unusual maneuver  on t h e   p a r t  of   the  lead a i r c r a f t ) .  This 
symbol w a s  d r i v e n   v e r t i c a l l y   a s  a func t ion  of t he  ILS g l ide-s lope   e r ror  of the  lead 
a i r c r a f t   i n   t h e  same manner as t h e  I L S  box e x c e p t   t h a t ,   u n l i k e   t h e   b a s i c   d i s p l a y  
where t h e  I L S  box w a s  d r i v e n   r e l a t i v e   t o   t h e  AGS, t h e  Lpresent symbol was dr iven 
r e l a t i v e   t o   t h e  ILS box. The v e r t i c a l   p o s i t i o n  was "frozen" once t h e   l e a d   a i r c r a f t  
descended  below a 1 0 0 - f t   a l t i t u d e .  

Two l a t e r a l  motions  were a l so   poss ib l e   w i th   t he  Lpresent symbol,  and these  
were a l s o   b a s e d   r e l a t i v e   t o   t h e  ILS box. The f i r s t  motlon was a funct ion of the  
c l o s u r e   r a t e  on the  lead  a i rcraf t ,   wherein  each  half  of t h e  symbol (the  "wings") 
moved e i t h e r  toward t h e   o t h e r   ( i n d i c a t i n g   a n   i n c r e a s e   i n   s e p a r a t i o n )   o r   f a r t h e r   a p a r t  
( i nd ica t ing  a d e c r e a s e   i n   s e p a r a t i o n ) .  The motion w a s  s ca l ed   such   t ha t  a 20-knot 
c l o s u r e   r a t e  would r e f l e c t  as a gap  between the   c i r cu la r   ends  of the  symbol  and t h e  
ILS-box edge  equal t o   o n e - q u a r t e r  of the  width  of  the ILS box. This c losure- ra te  
i nd ica t ion  w a s  also l i m i t e d   t o  20 knots. The o the r  la teral  motion t h a t   t h i s  symbol 
would e x h i b i t  was a func t ion  of t h e   l a t e r a l  ILS e r r o r  of t h e  lead a i r c r a f t  and would 
occur  only when t h e   e r r o r  w a s  greater  than  approximately 1 / 2 O .  A t  t h i s  time, the  
symbol would move l a t e r a l l y   a s  a funct ion of ILS loca l i ze r   e r ro r   w i th   t he  "wing" 
opposite  the  direction  of  motion  being  blanked t o  reduce  display  c lut ter .   That  is, 
i f   t h e   l e a d   a i r c r a f t  w e r e  d e v i a t i n g   t o   t h e   r i g h t ,   t h e   r i g h t  "wing" would move t o   t h e  
r i g h t  a n d   t h e   l e f t  "wing" would be blanked. This f e a t u r e  w a s  important   during  the 
l as t  por t ion  of t he   approach   i n   t ha t   t he   p i lo t   cou ld  t e l l  whether o r   n o t   t h e   l e a d  
a i r c r a f t  was e x i t i n g   t h e  runway. 

Past-posi t ion symbol of lead a i r c r a f t . -  The primary  purpose of the   pas t -  
pos i t i on  symbol of t h e  iead a i r c r a f t  (Lpast) , which w a s  represented by a l e f t  and a 
r i g h t   h a l f - c i r c l e ,  was t o   p r o v i d e  some general   information as t o  where t h e   v o r t i c e s  
generated by t h e   l e a d   a i r c r a f t  were r e l a t i v e  t o  t h e   f o l l o w i n g   a i r c r a f t   ( r e f e r r e d  t o  
as ownship). The implementation  of t h i s  symbol w a s  simply a "playback"  of the  posi-  
t i o n  of t h e   s t o r e d  Lpresent symbol r e l a t i v e   t o   t h e  ILS box. That is ,  i f  ownship 
were pos i t ioned  a t  10 n.ml. from t h e  runway, t h e  Lpast symbol ind ica t ed   t he  
p o s i t i o n  of t h e   l e a d   a i r c r a f t  when he also was 10 n.ml. from t h e  runway. Since 
vor t ices   normal ly   descend  a f te r   genera t ion ,   the   top  of each  half  -circle of t he  
Lpast symbol w a s  p laced  on  the  display a t  t h e   p o s i t i o n   t h a t  w a s  previously  occupied 
by the   c i rcu lar   ends  of t he  "wings"  of t he  Lpresent symbol, thus  implying  this  
descending  condition.  Unlike  the L resent symbol tha t   " f roze"  when the   l ead  
a i r c r a f t  descended  below  100 f t   i n   a P t i t u d e ,   t h e  Lpast symbol  remained active u n t i l  
ownship  landed. 
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Deviation-from-nominal  time-spacing symbol.- The numeric  symbol denoting a 
devia t ion  from  nominal t i m e  spacing (AT) w a s  designed t o   a i d   t h e   p i l o t   i n   m a i n t a i n i n g  
t h e   i n - t r a i l   s e p a r a t i o n  and was an  indicat ion,   in   seconds,  of h i s   s epa ra t ion   e r ro r .  
The symbol AT i s  defined as follows: 

A R - T V  
N F  

AT = 
'F,  nom 

where AR is  the   i n - t r a i l   s epa ra t ion ,  VF i s  the  ground  speed  of  ownship, 
i s  the  nominal f i n a l  approach  speed (Vref )  of  ownship ( t h e   f i n a l   s p e e d   t h a t  ownshlp 

vF, nom 

should  decelerate   to   and which is  a value  selected  before   the  approach  begins) ,   and 
TN i s  defined as 

- 
TN - Tdesired 

'F ,nom 

where RL i s  the   range   to   the  runway of t h e   l e a d   a i r c r a f t ,  Tdesired is  the   des i red  
(and  preselected)   separat ion time and i s  ca lcu la ted  as AR/VF,nom a t  RL = 0, and 
VL,nom i s  the  assumed nominal  approach  speed  of  the  lead  aircraft .  me term 

2 6 - ;,nom) i s  used t o  compensate f o r  dissimilar approach  speeds. Any e r r o r  
V 

generat ing from a misca lcu la t ion   i n  nominal  approach  speeds, which i s  usually  based 
on a i r c r a f t   t y p e ,  w i l l  d iminish  as   the  lead  a i rcraf t   approaches  the runway. For 
s i m i l a r   f i n a l  approach  speeds, AT reduces  to 

V 

L F ,nom 

A R - T  V 
des i red  F 

AT = TI 

"F,nom 

In   addi t ion   to   the  AT symbol,  which was always  over  the l e f t   s i d e  of t he  AGS, 
a numeric  display  of AR, displayed i n  t en ths  of naut ica l   mi les ,  w a s  shown over  the 
r i g h t   s i d e  of the  AGS a t  any  time t h a t  AR became l e s s   t han  2 n.mi. It should  be 
noted   tha t  most  of the  concepts   for   the  t raff ic-display  format ,   noted  previously,  
were obtained  under a c o n t r a c t   t o  Dynasyst,  Inc.,  of  Princeton, New Jersey. 

One addi t ional   modif icat ion was implemented i n   t h e   t r a f f i c - d i s p l a y   f o r m a t   i n   a n  
a t t empt   t o   r educe   p i lo t  workload  due t o   t h e   i n - t r a i l   s e p a r a t i o n   t a s k .  This modifi- 
cat ion  involved  dr iving  the  speed-error  symbol  on the  basic  format  with a speed-error 
term obtained from the  AT equation.  Since a zero AT i s  the   quan t i ty   ac tua l ly  
desired,  w e  se t  AT equa l   t o   ze ro  and  solve  for  VF, which is  actual ly ,   then,   the  
des i r ed  vF ( t h a t  i s ,  VF,desired) f o r  AT equal   to   zero.   men,   speed  error  i s  

Speed e r r o r  = V - V 
F F,desired 



Task Description 

The b a s i c   p i l o t i n g   t a s k   i n   t h i s   s t u d y  w a s  a manual-instrument  approach  and 
landing   ( f ig .  7)  whi le   fo l lowing   the   vor tex-genera t ing   lead   a i rc raf t   in   weather  

Amdt 43 

tLS RWY 26L 
IENVER  APP CON 
IORTH 120.5 288.1 
8OUTH 120.8 363.0 
IENVERTOWER 
18.3 257.8 EASTand WEST 
19.5 257.8 NORTH and SOUTH 
SND CON 
21.9 257.8 
:lNC DEL 

iTIS ARR 125.6 
27.6 385.5 

DEP 124.45 

AL- 11 4 (FAA) 
DENVER/STAPLETON INTL (DEN) 

DENVER, COLORADO 

rSR - 
"" 

DENVER-. . 
117.0 DEN A. 

Chon 117 

h 
'%., 

5849 

ALTUR LOM WATKI 

17.3 DME 
I- DEN MISSED  APPROACH 

Climb to 6500 then climbina 7.2 DME 
I- DEN 

right turn to l o o 0 0  direct DEN 
VORTAC then via DEN R046 " I 
to Flotr Intf 17 DME. 7157 

I 
1 Procedure 
I Turn NA 

ATEGORY 
S-ltS 261 

SLOC 261 

3RCLING 

SIDESTEP 
R W Y  26R 

7 

1 B I C I D 

1 
I 

5880-1 547 (600-1) 547 ( 6 0 0 1  H) 567 (600-2) 
5880-1 'h 5900-2 

5780-1 458 (500-1) 1 458 (500-1 H) 458 (uxT2) 
5780- 1 'h 5780-2 

~~ 

ILS RWY 26L 

117.5 IOC =?-Y 
Chon 122 

1 

DENVER/STAPLETON INTL (DEN) 
DENVER, COLORAD 

Figure 7.- Sample approach  chart .   Decision  height w a s  reduced t o  
150 f t f o r   t h i s   s t u d y .  
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condi t ions  s imulat ing a 150-f t   cei l ing  and calm air. The approach w a s  t o  runway 2 6 ~  
a t  the   S tap le ton   In te rna t iona l   Ai rpor t ,  Denver,  Colorado. Under a l l  tes t  condi t ions ,  
t h e  pi lots  were provided  with  the  basic-display  format  which w a s  u t i l i z e d  as the  
pr imary  display  for   the  approach  task.  For consis tency,  a s t anda rd   p i lo t -b r i e f ing  
form (see appendix A) w a s  used in   b r i e f ing   each   p i lo t   be fo re   each   s imula t ion   s e s s ion .  
In   addi t ion ,  a ques t ionnai re  on the   desc r ip t ion  of i n i t i a l   c o n d i t i o n s  and  performance 
v a r i a b l e s   t o  be  measured w a s  given t o  t h e  t es t  sub jec t s  prior t o  p a r t i c i p a t i n g   i n   t h e  
test. (See  appendix B. 1 The tes t  sub jec t s  were f u r t h e r   i n s t r u c t e d   t o   f l y   t h e  simu- 
la tor  i n  a manner they deemed acceptab le   for   a i r l ine- type   opera t ions   and  t o  avoid 
r a d i c a l  maneuvers.  Besides be ing   p ro fes s iona l   p i lo t s ,   t he  tes t  sub jec t s  had  attended 
a n   a i r l i n e   t r a i n i n g   s c h o o l   a n d  w e r e  experienced i n   f l y i n g  Boeing a i r c r a f t .  During 
t h e   t e s t   r u n s ,   t h e  tes t  e n g i n e e r   a c t e d   a s   t h e   c o p i l o t   i n   r e g a r d  t o  lowering  the  f laps  
and  other   such  tasks  as d i r e c t e d  by the   eva lua t ion   p i lo t .  The tes t  engineer   did  not  
o f f e r  comments on the   s imula ted   s i tua t ion   dur ing   the   sess ions .  

During t h i s   s t u d y ,   t h e  means f o r   p r o v i d i n g   t h e   i n - t r a i l   s e p a r a t i o n  w a s  d ivided 
i n t o  two ca tegor ies ,  ATC and SELF. Under ATC s e p a r a t i o n ,   t h e   p i l o t  w a s  provided  only 
with  the  basic-display  format   and  he  received  his   separat ion  instruct ions,  i n  t h e  
form  of  speed commands, from a pseudo  approach  control  that  employed a simulated ATC 
approach  controller 's   radar  scope. The approach  controller w a s  i n s t r u c t e d   t o  con- 
t r o l   t h e   s e p a r a t i o n  of  ownship  such tha t :   ( 1  ) ownship w a s  never   c loser   than 3 n.mi. 
from t h e   l e a d   a i r c r a f t ,  and (2 )  ownship w a s  as c l o s e   a s   p o s s i b l e   t o  3 n.mi. a s   t h e  
l e a d   a i r c r a f t   c r o s s e d   t h e  runway threshold.  Under SELF, t h e   s e p a r a t i o n   c r i t e r i o n  w a s  
subdiv ided   in to   th ree  Tdesired times: 90, 60, and 45 sec. The b a s i s   f o r   t h e s e  
t imes w a s  taken  from  references 6 and 7. Additionally,   the  90-sec time, coupled 
with a final  approach  speed  of  120  knots, would e q u a t e   t o  a separat ion  dis tance  of  
3 n.mi., thus  allowing a general  comparison of da t a   ob ta ined   w i th   t h i s   s epa ra t ion  
c r i te r ion   wi th   da ta   ob ta ined   under  ATC separat ion.  The 45-sec i n t e r v a l  was the  
smallest time used  (and  a lso,   therefore ,   the   smallest   separat ion)   s ince  this   t ime 
borders on the   cu r ren t  minimum poss ib l e  runway occupancy t i m e  ( r e f .  7 ) .  

T r a f f i c   P r o f i l e s  

The t r a f f i c   s c e n a r i o   u t i l i z e d   i n   t h i s   s t u d y  w a s  t h a t  of a s i n g l e   l e a d   a i r c r a f t  
which w a s  f l y i n g   t h e  ILS approach t o  runway 26L a t   t h e   S t a p l e t o n   I n t e r n a t i o n a l  Air- 
p o r t ,  Denver,  Colorado. Four d i f f e r e n t   p r o f i l e s   f o r   t h e  lead a i r c r a f t  were used  and 
are   descr ibed   in   the   fo l lowing   d i scuss ion .  

P r o f i l e  1.- The f i r s t   t r a f f i c   p r o f i l e  w a s  t h a t  of a n   a i r c r a f t   w i t h  

'ref = 120  knots  ( the same as t h a t  of  ownship). This a i r c r a f t   f l e w   a n   a l m o s t   i d l e -  
th rus t   descent   whi le   carefu l ly   main ta in ing   the  ILS path,  landed,  and  exited  the  run- 
way i n  a normal  but  expeditious manner. This p r o f i l e  w a s  considered  the  basel ine 
p ro f i l e .  

P r o f i l e  2.- The second t r a f f i c   p r o f i l e  w a s  exac t ly   the  same as t h a t  of  pro- 
f i l e  1 e x c e p t   t h a t   t h e   l e a d   a i r c r a f t   d i d   n o t   e x i t   t h e  runway. This p r o f i l e  w a s  
chosen t o  determine i f   t h e  ownship  could  detect   th is   type of  blunder. 

P r o f i l e  3.- The t h i r d   t r a f f i c   p r o f i l e  w a s  very similar t o   t h a t  o f   p ro f i l e  1 
excep t   t ha t  when the   l ead   a i r c ra f t   r eached  a 150- f t   a l t i t ude ,  it executed a missed 
approach  (go-around). This p ro f i l e ,   a long   w i th   p ro f i l e  2, cons t i t u t ed   t he  two 
b lunder   scenar ios   used   in   th i s   s tudy .  
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Prof i l e  4.- The f o u r t h   t r a f f i c   p r o f i l e  was t h a t  of an   a i r c ra f t   w i th  
Vref = 140 knots (20 knots   higher   than  ownship) ,   represent ing  an  a i rcraf t  i n  t h e  
heavy class .   Except   for   the  higher   approach  speeds,   th is   prof i le  was s i m i l a r   t o   t h a t  
of p r o f i l e  1. 

The g l ide-s lope   e r ror ,   loca l izer   e r ror ,  and  grou.nd-speed p ro f i l e   p lo t s   fo r   p ro -  
f i l e s  1 and 4 a r e  shown i n  f igu re  8. 
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Figure 8.- Flight-path  performance of t r a f f i c   p r o f i l e s  1 and 4. Dashed 
l ines   ind ica te   ca tegory  I1 ILS window edges. 
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Figure 8.- Concluded. 

TEST CONDITIONS 

A t o t a l  of 99 simulated  instrument  approaches were flown by three   p rofess iona l  
p i l o t s   t o   o b t a i n   d a t a ,  w i t h  each p i l o t   f l y i n g  33 approaches. Both t h e   t e s t  and the 
t e s t   ma t r i ces  (shown i n  t a b l e  I)  were d iv ided   in to  two major sect ions.  The f i r s t  
sec t ion  employed  a s tandard  separat ion ( 3  n.mi. o r  90 sec )  and was used  primarily  to 
determine  the  differences,   if   any,  between  the  ATC-controller  cri terion and the  SELF 
c r i t e r ion .  The second  section was aimed a t  determining  the  acceptabi l i ty ,  from  a 
pilot-workload  standpoint,   of  reduced  in-trail   separation  approaches.  
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S u f f i c i e n t   t r a i n i n g  w a s  g iven   bo th   p r ior  t o  t h e   i n i t i a l   s i m u l a t i o n   d a t a   s e s s i o n s  
and   be fo re   each   i nd iv idua l   s e s s ion   o f   t he   f i r s t   t e s t   s ec t ion  t o  minimize the   l ea rn ing  
e f f ec t s .  Ekcept f o r   t h e  two b lunder   cases ,   the   p i lo t s  were t r a i n e d   i n   a l l   s i t u a t i o n s  
shown i n   t h e  test  matrices. 

The i n i t i a l   c o n d i t i o n s   f o r   t h e   l e a d   a i r c r a f t  were as follows: on t h e  ILS path,  
approximately  15 n.mi. from the  runway threshold,  and a t  an I A S  of 250 knots.  The 
i n i t i a l   c o n d i t i o n s   f o r  ownship  were as follows: on t h e  ILS path,  a t  an I A S  of 
250 knots,  and a t  a d i s t ance   beh ind   t he   l ead   a i r c ra f t   such   t ha t  AT w a s  approxi- 
mately  zero. 

It should  be  noted t h a t   f o r   t h e  SELF 45-sec  separation  task,  VL,nom was se t  t o  
t h e  same value  as  VF,nom when t h e   a c t u a l  VL,nom was 140 knots. This w a s  done 
b e c a u s e   t h e   i n i t i a l   i n - t r a i l   s e p a r a t i o n  would be less than 0.7 n.mi. i f  

'L, nom = 140 knots  w e r e  used. 

RESULTS AND DISCUSSION 

The r e s u l t s  of t h i s   s t u d y  are d i v i d e d   i n t o   t h r e e   a r e a s  of discussion. The f i r s t  
s e c t i o n   d i s c u s s e s   t h e   g e n e r a l   r e s u l t s  of the   s tudy .   me  second  sec t ion   d i scusses   the  
s tandard-separat ion  task ( 3  n.mi. o r  90 s e c ) ,   i n  which t h e  SELF- 
d a t a   a r e  compared. The t h i r d   s e c t i o n  i s  an   ana lys i s  of t he  SELF 
i n t e r v a l   w i t h   t h e  90-sec sepa ra t ion   i n t e rva l   u sed   a s  a b a s i s   f o r  
da t a  from the  blunder   scenarios  were not  used i n  t h e   a n a l y s i s  of 
data .  

and  ATC-separation 
reduced-separation 
comparison. The 
t h e   q u a n t i t a t i v e  

General 

Situational  awareness.-  An i n c r e a s e   i n   s i t u a t i o n a l  awareness w a s  provided t o   t h e  
p i lo t -by   t he   add i t ion  of t h e   t r a f f i c  symbology t o   t h e   d i s p l a y .  The consensus of t he  
p i l o t  commentary r e l a t i n g   t o   t h e   t r a f f i c  symbology was t h a t  it "provided a b e t t e r  
f e e l   f o r   t h e   s i t u a t i o n   r e l a t i v e   t o  normal IFR."  A no tewor thy   po in t   r e l a t ing   t o   t h i s  
pi lot   consensus was t h a t   t h e   o n l y  go-around  executed by an   eva lua t ion   p i lo t   dur ing  a 
nonblunder  scenario  occurred  during a n  ATC-separation  approach. The conditions  lead- 
ing  t o  this   occurrence were  ownship within  normal ILS limits and j u s t  p r i o r   t o   c r o s s -  
i n g   t h e  runway threshold,  no t r a f f i c   i n f o r m a t i o n  on the   d i sp l ay  (ATC sepa ra t ion ) ,  and 
a s l i g h t   p i l o t - i n d u c e d   r o l l   o s c i l l a t i o n .  A t  t h i s  time, the   eva lua t ion   p i lo t   be l i eved  
t h a t   h e  had  descended  below the   g l ide   pa th  of t h e   l e a d   a i r c r a f t  and t h a t   t h e   r o l l  
o s c i l l a t i o n  was due t o  ownship encounter ing  the  vortex of t h e   l e a d   a i r c r a f t .  The 
e v a l u a t i o n   p i l o t   t h e n   d e c i d e d   t h a t   t o   a t t e m p t   l a n d i n g   a t   t h i s  time would be  unsafe 
and ,   therefore ,   he   in i t ia ted  a go-around maneuver. 

Blunder  scenarios.-  During s i x  of  the SELF data   runs,   b lunder   scenarios  were 
i n t r o d u c e d   i n  which t h e   l e a d   a i r c r a f t   e i t h e r   e x e c u t e d  a missed  approach  while  on a 
s h o r t   f i n a l   a p p r o a c h   o r   f a i l e d   t o   e x i t   t h e  runway a f t e r  landing. All blunder sce- 
na r ios  w e r e  c o r r e c t l y   i d e n t i f i e d  by t h e   p i l o t s   w i t h   t h e   p r o p e r   c o r r e c t i v e   a c t i o n :  a 
go-around  maneuver, be ing   i n i t i a t ed   be fo re  a c r i t i ca l  s i tuat ion  could  develop.  The 
l ead   a i r c ra f t   execu t ing  a missed  approach w a s  f i r s t   i n d i c a t e d   t o   t h e   e v a l u a t i o n   p i l o t  
by t h e  Lpresent symbol  moving s t e a d i l y  toward  and  then  above  the ILS-box symbol. 
As t h e  Lpresent symbol continued t o  s t a y  above t h e  ILS box, and  before  the Lpast 
symbol  began t o  move upward, t h e  pi lots  always  began a go-around maneuver. The 
occupied-runway blunder became apparent  t o  the   eva lua t ion  p i l o t  as he  approached  the 
runway a f t e r   t h e   l e a d   a i r c r a f t   l a n d e d  by the  Lpresent symbol moving n e i t h e r   r i g h t  
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n o r   l e f t ,   i n d i c a t i n g   t h a t   t h e   l e a d   a i r c r a f t  w a s  no t   tu rn ing   of f   the  runway. The 
p i lo t s   no rma l ly   wa i t ed   un t i l   t he   dec i s ion   he igh t  symbol enunciated,  and i f   t h e   l e a d  
a i r c r a f t  w a s  then still on t h e  runway, they would execute a go-around  maneuver. 

Vortex  encounters.- At no time during  the  99  data   runs  did a vortex u p s e t  occur. 
T h i s   r e s u l t  w a s  obtained  pr imari ly  by t h e   p i l o t   b e i n g  able t o  monitor  and  track  the 
g l ide   s lope   p rec i se ly   and  by t h e   f a c t   t h a t   t h e   l e a d   a i r c r a f t  w a s  a l s o ,   i n   g e n e r a l ,  
precisely  t racking  the  gl ide  path.  With the  reduced-separation  cases, however, a 
g r e a t e r   p o s s i b i l i t y   e x i s t e d   f o r  a vor tex   encounter ,   s ince  ownship w a s  p o t e n t i a l l y  
c l o s e r   t o   t h e   v o r t i c e s .  ?he f ac t   t ha t   an   encoun te r   d id   no t   occu r  may, i n   p a r t ,  be 
a t t r i b u t e d   t o   t h e   p i l o t ' s   h a v i n g  knowledge  of t h e   p a s t   p o s i t i o n  of t h e   l e a d   a i r c r a f t  
and  thus  being  able t o  s t a y  above tha t   pos i t ion ,   thereby   reducing   the   l ike l ihood of 
an  encounter. 

Glide-slope  tracking.- The g l ide-s lope   t racking   e r ror   ( f ig .  9 )  a p p e a r s   t o  have a 
somewhat s i n u s o i d a l   c h a r a c t e r i s t i c .   T h i s   c h a r a c t e r i s t i c   c a n   b e   p a r t i a l l y   a t t r i b u t e d  
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t o  deployment  of t h e   a i r c r a f t   f l a p s ,  which a r e  lowered in   s t eps   t h roughou t   t he  
approach  and  produce a p i t ch -a t t i t ude  c h a n g e   a n d   a n   i n c r e a s e   i n   l i f t   ( f o r  a given 
speed  and  angle  of  at tack).   Therefore,   if  ownship were on t h e   g l i d e   s l o p e   a n d   a t   t h e  
p r o p e r   p i t c h   a t t i t u d e   r e q u i r e d   t o   m a i n t a i n   t h a t   f l i g h t   p a t h   p r i o r  t o  f l a p  deployment, 
t h e   p i l o t  would  have t o  make an  immediate  and  continuous  pitch-attitude  correction 
upon and  during a f l a p  change i n   o r d e r   t o  compensate f o r   t h i s   a t t i t u d e  change  and 
k e e p   t h e   a i r c r a f t  on the   p roper   f l igh t   pa th .  The control  technique  used by  some 
p i l o t s   i n   t h i s   s t u d y ,  however, w a s  t o   a l l o w   t h e   a i r c r a f t   t o   b e g i n   t o  trim a t  the  new 
at t i tude  brought   about  by a f l a p  change,  with a resul t ing  divergence from t h e   g l i d e  
slope, b e f o r e   i n i t i a t i n g  a c o r r e c t i o n   t o   b r i n g   t h e   a i r c r a f t  back t o  t h e   p r o p e r   f l i g h t  
path. The reason   g iven   for   the   use  of this   technique w a s  t h a t  it minimized t h e  
gl ide-s lope  t racking  task  and  reduced  the  possibi l i ty  of o v e r c o n t r o l l i n g   t h e   a i r c r a f t  
while  remaining  within  acceptable  glide-slope limits. 

Approach speeds.- N o  s ta t i s t ica l  d i f f e rence  w a s  noted i n   t h e   q u a n t i t a t i v e d a t a  
a n a l y s i s  a t  the  95-percent  confidence  level between  ownship following t r a f f i c  pro- 
f i l e  1 (with Vref = 120 k n o t s )   a n d   t r a f f i c   p r o f i l e  4 (with Vref = 140 knots) .  

Closure-rate   indicat ion.-  The consensus  of   the  pi lot  commentary was t h a t   t h e  
ind ica t ion  of c losure  ra te ,   provided by the  motion  of  the Lpresent symbol, was not  
consciously used. 

Speed er ror . -  The p i l o t s   i n d i c a t e d   t h a t  by dr iv ing   the   speed-er ror  symbol (when 
employing se l f - sepa ra t ion )   a s  a func t ion  of AT, separation  maintenance  using  the 
speed-error symbol was eas ie r   than   us ing   the  AT symbol s ince  speed-error   t racking 
is  a normal p i l o t i n g   t a s k .  

Standard  Separation 

General  performance.- N o  s t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e   i n   t h e   l o c a l i z e r  
t r a c k i n g   e r r o r   ( f i g .  I O )  w a s  noted  between ATC separat ion  and  self-separat ion  with a 
mean and rms of 0.044O and 0.078O, r e spec t ive ly ,   fo r  ATC and s i m i l a r l y  of 0.044O and 
0.1 OIo f o r  SELF. The g l ide - s lope   t r ack ing   e r ro r   ( f i g .  9 )  , un l ike   t he   l oca l i ze r  
e r r o r ,  showed a s t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e   a t   t h e   9 9 - p e r c e n t   c o n f i d e n c e  
l eve l   w i th  a mean and rms of -0.009O and 0. 030°, r e s p e c t i v e l y ,   f o r  ATC separation  and 
s i m i l a r l y  0.002O and 0.043O f o r  SELF. With t h e   t r a f f i c  symbology present   on   the   d i s -  
p l a y ,   t h i s   s t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e  between t h e  two separa t ion  methods 
w a s  no t   unexpec ted   s ince   the   p i lo t  commentary i n d i c a t e d   t h a t  a l l  p i l o t s   i n t e n t i o n a l l y  
f l e w   e i t h e r  a t  o r   s l i g h t l y  above t h e   f l i g h t   p a t h  of t h e   l e a d   a i r c r a f t  by us ing   the  
Lpast symbol of t h e   l e a d   a i r c r a f t  as a reference.  Although t h i s   s i g n i f i c a n t   d i f f e r -  
ence   d id   occur   in   the   g l ide-s lope   da ta ,  it is  quest ionable ,  however, i f   t h e   d i f f e r -  
ence would have  any real e f f e c t  from  an  operational  standpoint.   Since a mean 
g l ide-s lope   e r ror  of -0.009O is  less than   an   e r ror  of 3 p e r c e n t   r e l a t i v e   t o   t h e  
category I1 ILS boundary  of f0.3S0, and   s imi l a r ly   s ince   an   e r ro r   o f  0.002O i s  less 
than 1 percent ,  it is  d o u b t f u l   t h a t   t h i s   d i f f e r e n c e  would  have  any e f f e c t  on a r ea l -  
world  operation. What could make an   opera t iona l   d i f fe rence ,  however, would be  the 
l ead   a i r c ra f t   f l y ing   an   unusua l ly   h igh  or e r r a t i c   v e r t i c a l   p a t h ,   s i n c e  ownship  always 
t r i e d  t o  remain  above  the  lead  a i rcraf t .  
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Figure 10.- Localizer  tracking  performance. Dashed l i n e s   i n d i c a t e  
l o c a l i z e r  window edges. 

Separation and  workload.- _"" It i s  of i n t e r e s t   t o   n o t e   t h a t  mean v a l u e s   f o r   i n t e r -  
a r r i v a l   s e p a r a t i o n   ( t h e   s e p a r a t i o n   a s   t h e   l e a d e r   c r o s s e s   t h e  runway th re sho ld )   fo r  
bo th   the  ATC and SELF were 3.8 n.mi. ( t a b l e  I1 and f i g .  1 1 ). Although the  mean 
values  were the  same, however, the  deviat ion  values  of t h e   i n t e r a r r i v a l   s e p a r a t i o n  
were 0.20 n.mi. f o r  ATC separa t ion  and 0.04 n.mi. fo r   s e l f - sepa ra t ion .   P i lo t -  
workload rat ings,   obtained from t h e   p i l o t   q u e s t i o n n a i r e ,  are shown i n   t a b l e   I I I ( a ) .  
For t h e  SELF 90-sec  separat ion,   the   task of ma in ta in ing   t he   i n - t r a i l   s epa ra t ion  was 
considered  very  easy  overall   with a low l e v e l  of add i t iona l  workload  associated  with 
it. This  task w a s  considered somewhat more d i f f i c u l t   i f   t h e   l e a d   a i r c r a f t  had a 
higher  Vref ,  as  can be s e e n   i n   t a b l e   I I I ( a )  by the   ra t ings   be ing   sh i f ted  more toward 
t h e   d i f f i c u l t   s i d e  of t h e   r a t i n g   s c a l e .  

The qua l i t a t ive   da t a   a l so   no ted  a m a j o r   i n c r e a s e   i n   t h r o t t l e   a c t i v i t y   € o r  SELF 
r e l a t i v e  t o  ATC separat ion.  The q u a n t i t a t i v e   d a t a ,  however, show an  average of 
21 t h r o t t l e  movements p r i o r  t o  the   l ead   a i r c ra f t   c ros s ing   t he   t h re sho ld   fo r   t he   s e l f -  
separa t ion   task  compared with 1 8  movements f o r   t h e  ATC t a s k   ( t a b l e  11). This d i f f e r -  
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Figure 11.- Normalized  values  of  interarrival-separation  results.  

ence w a s  n o t   s i g n i f i c a n t  a t  the  90-percent  confidence  level.  The ave rage   t h ro t t l e  
movements, from t h e   i n i t i a t i o n  of   the  run  unt i l   landing,  w e r e  29 f o r   t h e  SELF t a sk  
and 25 f o r   t h e  ATC t a sk .   S imi l a r ly ,   t h i s   d i f f e rence  w a s  n o t   s i g n i f i c a n t  a t  t h e  
90-percent  confidence  level. 

Although t h e   i n t e r a r r i v a l   s e p a r a t i o n   i n t e r v a l s  are important,  of more s i g n i f i -  
cance t o   a i r p o r t   c a p a c i t y  i s  t h e  runway delivery  accuracy,  which is  measured i n  terms 
of   the  time i n t e r v a l  between t h e   l e a d   a i r c r a f t   c r o s s i n g   t h e  runway threshold  and  the 
t r a i l i n g   a i r c r a f t   a r r i v i n g  a t  t he  runway threshold. This time i n t e r v a l ,   r e f e r r e d   t o  
as i n t e r a r r i v a l  time ( I A T )  , i s  frequently  used as a parameter i n   d e f i n i n g   a r r i v a l  
capac i ty   fo r  a p a r t i c u l a r  runway. Addit ional ly ,   the  less t h a t  I A T  v a r i e s  from t h e  
mean I A T ,  t h e   s h o r t e r   t h e  mean I A T  can   be   for   an   equiva len t   l eve l  of  missed 
approaches.  Figure 1 2  i l l u s t r a t e s   t h i s   e f f e c t  of I A T  d i spe r s ion  on  runway a r r i v a l  

n Low dispersion 

I l l  H iqh dispersion 

I AT, sec - 
M i n i m u m  

I AT 

Figure 12. - I l l u s t r a t i o n  of e f f e c t  on mean I A T  
result ing  from  lower I A T  dispers ion.  
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capacity.  As shown, f o r  a given minimum allowable IAT, t h e  mean IAT of a d i s t r i b u -  
t i on   w i th  a low dispers ion  can  be less than   the  mean of a d i s t r i b u t i o n   w i t h  a higher  
dispersion.  Since a s h o r t e r  mean IAT r e s u l t s   i n   a n   i n c r e a s e   i n  a r r iva l  capaci ty ,  it 
i s  d e s i r a b l e   t o  minimize the   d i spe r s ion  of IAT (ref. 7).  As shown, f o r  a given  mini- 
mum a l l w a b l e  IAT, t h e  mean I A T  of a d i s t r ibu t ion   o f  times with a low d ispers ion   can  
be less than   the  mean of a d i s t r i b u t i o n   w i t h  a higher   dispers ion.   Previous  s tudies  
(ref. 8) have shown the   dev ia t ion   o f   t he  IAT f o r  ATC o p e r a t i o n s   t o  be approximately 
1 8  sec. IAT dev ia t ion   va lues   ob ta ined   i n   t h i s   s tudy   fo r  ATC separat ion  and SELF were 
5 sec and 2 sec, respect ively.  

From an  overall   performance  and  workload  standpoint,   then, it would appea r   t ha t  
a r e d u c t i o n   i n  IAT d i s p e r s i o n   r e l a t i v e   t o  ATC separat ion  can  be  obtained  with  the  use 
of   this   sel f -separat ion  concept   with  only a small i n c r e a s e   i n   p i l o t  workload. The 
f a c t   t h a t  a s i g n i f i c a n t  workload inc rease  due t o   t h e   s e l f - s e p a r a t i o n   t a s k   d i d   n o t  
occur i s  indicated by the  pi lot-quest ionnaire   resul ts   and by t h e  similar l o c a l i z e r  
mean t r ack ing   e r ro r s   a s soc ia t ed   w i th   t he  ATC- and  se l f - separa t ion   tasks .  

Reduced Separation 

For t h i s   s e c t i o n  of   ana lys i s ,   the  SELF 90-sec   separa t ion   in te rva l  i s  used as t h e  
b a s i s  of  comparison f o r   t h e  SELF 60-sec  and  45-sec i n t e r v a l s .  

General  performance.-  Unlike  the  localizer  tracking  performance  for  the 
s tandard-separa t ion   ana lys i s ,   fo r   the   reduced-separa t ion   in te rva ls   there  i s  a s i g n i f -  
i can t   d i f f e rence   i n   t he   l oca l i ze r   pe r fo rmance  between t h e   t h r e e   s e p a r a t i o n   i n t e r v a l s  
a t  the  99-percent  confidence  level. As previous ly   s ta ted ,   the  mean and rms perfor-  
mances were 0.044O and  O.10lo,   respectively,   for  the  90-sec  separation  interval.  %e 
mean and rms va lues   fo r   t he  60-sec i n t e r v a l  w e r e  0.098O and 0.11 3" , r e spec t ive ly ,  and 
for  the  45-sec i n t e r v a l   t h e y  were 0.107' and 0.11 7O, respec t ive ly   ( f ig .   13) .  As can 
be seen, a s l i g h t   b u t   c o n s i s t e n t   d e g r a d a t i o n   i n   l o c a l i z e r   t r a c k i n g   p e r f o r m a n c e   o c c u r s  
as t h e   s e p a r a t i o n   i n t e r v a l  i s  reduced. 

It  should  be  noted, however, t ha t   w i th  a l o c a l i z e r  window of f l .  25" ( f ig .  IO) , 
even a mean e r ro r   o f  0.107O r e s u l t s   i n   a n   e r r o r   o f  less than 9 p e r c e n t   r e l a t i v e   t o  
t h e  window. Additionally,  as t h e   s e p a r a t i o n   i n t e r v a l  i s  reduced,   the   ver t ical   posi-  
t i o n  of  ownship moves c l o s e r   t o   t h e   v o r t e x   f l o w   f i e l d s ,  which  appear t o   t h e   p i l o t  as  
wind gusts t h a t  are ranging i n   i n t e n s i t y   l e v e l s  f rom  unno t i ceab le   t o   s l i gh t  as t h e  
v e r t i c a l   p o s i t i o n s  move c lose r .   S ince   t he   vo r t ex   f l ow  f i e lds   i n t e rac t   w i th   t he  a i r -  
c r a f t  aerodynamics,  an  increase i n   t h e  f l ow- f i e ld   s t r eng th   cou ld   r e su l t   i n   an  
i n c r e a s e   i n   t h e  ILS-path t r a c k i n g   e r r o r   w i t h  a c o r r e s p o n d i n g   i n c r e a s e   i n   p i l o t  
workload. 

The g l ide - s lope   t r ack ing   e r ro r ,   l i ke   t he   l oca l i ze r   da t a ,  showed a s i g n i f i c a n t  
d i f f e rence  a t  the   99-percent   conf idence   l eve l   for   the   th ree   separa t ion   in te rva ls   wi th  
the  performance  degrading as  t h e   s e p a r a t i o n   i n t e r v a l  w a s  reduced. %e mean and rms 
er ror   va lues  were 0.002O and 0.043O for   the   90-sec   in te rva l ,  0.020°  and 0.055O f o r  
t h e  60-sec i n t e r v a l ,  and 0.027O and 0.079O f o r   t h e  45-sec in te rva l ,   respec t ive ly .  As 
can  be  seen, a consis tent   degradat ion  occurred as t h e   s e p a r a t i o n   i n t e r v a l  w a s  
reduced. It should  be  noted, however, t h a t  even  the  worst   performance  exhibited w a s  
considered  operationally  acceptable.  

Separation  and  workload.- As s ta ted   p rev ious ly ,  a key factor t o   a i r p o r t  capac- 
i t y  i s  the   d i spers ion   of   the  IAT r e l a t i v e   t o  some  mean IAT. The deviat ion  values  
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Figure  13.- ILS t r ack ing   e r ro r   du r ing   s e l f - sepa ra t ion .  

o b t a i n e d   i n   t h i s   s t u d y   f o r   t h e  90-, 60-, and  45-sec sepa ra t ion   i n t e rva l s  were 1.87, 
1.22,  and 2.10 sec,   respect ively.   I f  90, 60, and 45 s e c   a r e  assumed t o  be  the  mini- 
mum ca lcu la t ed  I A T ' s  and a nominal violation  (go-around) rate of 5 percent  of these  
minimums i s  acceptable , .   then  the  calculated mean I A T ' s  using  the  aforementioned 
values  would be  93.1,  62.0,  and 48.5 sec,   respect ively.  The t h e o r e t i c a l  runway 
capac i ty ,   in   l andings   per   hour ,  would then  be 38.7,  58.1,  and  74.3 f o r   t h e  minimum 
90-, 60-, and  45-sec ca l cu la t ed  I A T  t asks ,   respec t ive ly .  

From a pilot-workload  basis,   the workload assoc ia ted   wi th   the   se l f - separa t ion  
t a s k  w a s  cons idered   acceptab le   for  a l l  t h ree   s epa ra t ion   i n t e rva l s   ( t ab le  111). The 
overa l l   separa t ion-workload   ra t ing   for   the   90-sec   in te rva l  w a s  "very  easy,"   the  ra t -  
i n g   f o r   t h e  60-see i n t e r v a l  w a s  again  "very  easy,"   and  the  ra t ing  for   the 45-sec 
i n t e r v a l  w a s  "easy." !the se l f - sepa ra t ion   t a sk ,   t he re fo re ,  became somewhat more d i f -  
f i c u l t  as the   s epa ra t ion   i n t e rva l  was reduced.  Additionally,  as was s e e n   i n   t h e  
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standard-separat ion  analysis ,   the   self-separat ion  task was considered somewhat more 
d i f f i c u l t   i f   t h e   l e a d   a i r c r a f t  had  a higher Vref . 

In  general ,   then, it would seem tha t   s e l f - sepa ra t ion ,   w i th   t heo re t i ca l  IAT's a s  
c l o s e   a s  45 sec, is  poss ib le  from  both  a  performance  and  pilot-workload  standpoint. 
Although ILS tracking  performance  did  degrade  and  pilot  workload  did  increase  as  the 
sepa ra t ion   i n t e rva l  was reduced,  the  path-tracking  performance  and  workload were 
within  operat ional ly   acceptable  limits. 

CONCLUDING REMARKS 

A pi lo ted   s imula t ion  s tudy  was undertaken  to   determine  the  feasibi l i ty   and 
p o t e n t i a l   b e n e f i t s  of u t i l i z i n g  a  forward-looking,  head-up  display (HUD) format t o  
provide   in format ion   to   a   p i lo t   to   enable  him t o  be   respons ib le   for   h i s  own separa t ion  
behind  a  vortex-generating  lead  aircraft  during  an  instrument  approach. 

An increase i n  s i tua t iona l   awareness ,   re la t ive   to   convent iona l   ins t rument  
f l i g h t ,  was p rov ided   t o   t he   p i lo t  by the   add i t ion  of t h e   t r a f f i c  symbology t o   t h e  
display.  For a l l  approaches  where  the  maneuvering  of  the  lead  aircraft would have 
caused  a   potent ia l ly   hazardous  condi t ion  to   occur ,   the   pi lots   properly  ident i f ied  the 
condi t ion   and   in i t ia ted  an appropr ia te   cor rec t ive   ac t ion .  

A t  a s e l f - sepa ra t ion   i n t e rva l  of 90 sec,  a  reduction i n  i n t e ra r r iva l - t ime  
d i s p e r s i o n ,   r e l a t i v e   t o  Air Traff ic   Control   separat ion,  was observed  with  only  a 
small   increase i n  p i l o t  workload. In te rar r iva l   t imes   as   c lose   as  45 sec  were 
poss ib le ,  w i t h  a s s o c i a t e d   p i l o t  workload  and  path-tracking  performance  remaining 
within  acceptable  limits. 

Langley  Research  Center 
National  Aeronautics and  Space  Administration 
Hampton, VA 23665 
March 15, 1984 
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APPENDIX A 

PILOT B R I E F I N G  

ATC: You w i l l / w i l l  not  be  cleared  to  land,  depending on  runway-occupancy 
condi t ions.  ATC w i l l  a t tempt   to   have  you a t  a 3-n.mi. s e p a r a t i o n   a s   t h e  
lead   a i rc raf t   c rosses   the   th reshold .  Speed reduct ions may be  issued. 

HUD: You are cleared  for  the  approach  and  landing  (normal ATC procedures i n  
e f f ec t )   w i th   t he   excep t ion  of t r a f f i c   s e p a r a t i o n   a n d  runway occupancy. 
- You are respons ib le   for   these .  !the separat ion/spacing  a lgori thms are s e t  
up so t h a t  you w i l l  have a 90-sec ( 3  n.mi. a t  1 20 knots )   separa t ion  as the  
l e a d   a i r c r a f t   c r o s s e s   t h e   t h r e s h o l d .  

Fly as though it were a real operation. NOTE : 

( 1 )  Vref = 120 knots  

( 2 )  Flaps: Oo , 1 Oo , 20°, 25O, 30° , and 40° 

( 3 )  Would adv i se   s t a r t i ng   w i th   gea r  down, f l a p s  Oo 

( 4 )  The speed  brakes  are   operat ional .  

(5) The TOGA switch is  operat ional .  

(6) Without ~ ~~ t he  t r a f f i c  symbology, the  speed bug provides a nominal 
( l i n e a r )   d e c e l e r a t i o n   p r o f i l e   t o  120 knots  a t  2 n.mi. 

( 7 )  Lead a i r c r a f t   w i t h  Vref = 140 knots are t o  be   cons idered   in   the  
HEAVY class. 

Reduced separat ion:  All t h e  above  apply  except   that   the   separat ion  a lgori thm is  s e t  
up so t h a t  you w i l l  have   e i ther  a 60- o r  45-sec s e p a r a t i o n   a s   t h e   l e a d   a i r c r a f t  
crosses   the  threshold.  
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APPENDIX B 

PILOT QUESTIONNAIRE 

I. SPACING ( s k i p   i f   c o n t r o l l e r   u s e d ) :  

( 1  ) Did t h e   l e a d   a i r c r a f t  behave as expected  (no  unusual  maneuvers)? 

Y e s  0 No 

If no, what d i d  it do  and  what  were  your  actions? 

( 2 )  Was there  any  concern  with respect to   ma in ta in ing  a s a f e   s e p a r a t i o n  
i n t e r v a l ?  

If  yes,  what w a s  (or  caused)  the  concern? 

( 3 )  Did the  self-spacing  task  add  an  unacceptable   level  of  workload? 

0 Y e s  c7 No 

If  yes, s ta te  how and  any  recommendations t h a t  may cure some. 

( 4 )  Rate the   se l f   - separa t ion  task: 

11. VORTEX: 

( 1  ) Was the  vortex  ever  encountered? 

If   yes,  how severe w a s  the  encounter  and how d id  it a f f e c t   t h e  approach? 

( 2 )  Was any  technique  used t o  avoid  the  vortex? 

If  yes,  what? 
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. .  

APPENDIX B 

111. GENERAL: 

( 1  ) Was the  displayed  information  adequate   for   safe   separat ion? 

Y e s  

I f  no,  explain. 

0 No 

( 2 )  Did you accura te ly   main ta in   the   p rescr ibed   separa t ion?  

Y e s  0 
If  no, why not?  

( 3 )  Was the   d i sp lay   easy  t o  use? 

0 0 Y e s  

Commen t s : 

( 4 )  Was the   d i sp layed   in format i  

Yes 

Comments : 

on e 

0 

No 

No 

a s y   t o   i n t e r p r e t ?  

N o  

( 5 )  A t  any  time d id  you have t h e   f e e l i n g  you were being  " led down the  
primrose  path?" 

If   yes,  why? 

( 6 )  Any general  comments? 
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TABLE I. - TEST MATRICES 

(a )  Standard separation 

SELF ATC SELF I ATC I SELF 

1 I 2 

a3 

b3 

b3 2 

2 a3 

a2 a3 

b3 a2 
- - ." 

a3 

a3 

(b )  Reduced separation (90, 60, or 45 sec) 

.~ 

Test sequence made with  separation  interval of - 
P i  l o t  

90  sec 90 sec . 
1 

60 sec L 
L 
L 

60 sec 45 sec 

a3  

45  sec 

a3 

a3 

b3 
~ 

1 

2 1 2 

1 1 

2 2 

b3 2 

1 1 

a3 3 2 

2 

=One  of t he   s e t  i s  of a dissimilar speed prof i le   (prof i le  4).  
of the   s e t  i s  a blunder (prof i le  2 or  3 ) .  
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TABLE  11.-  STATISTICAL  ANALYSIS 

[me no ta t ion  1 -st s i g n i f i e s  firs t l  

""""""""""" separation  (n,mi, ) """"""""" 

ATC  Separation 

Pilot 2 samples 6 mean  4.0  deviation  0.10  range  0.25  minimum 
Pilot 1 samples 6 mean 3.7  deviation  0.22  range  0.57  minimum 

Pilot 3 samples 5 mean 3.9  deviation  0.16  range  0.40  minimum 

Totals  samples  17  mean 3.8  deviation  0.20  range  0.86  minimum 

SELF  Separation -- 90 Sec 
Pilot 1 samples 1 1  mean 3.8 deviation 0 . 0 3  range 0 . 1 0  minimum 
Pilot 2 samples 1 1  mean 3 . 8  deviation 0.03 range 0.12 minimum 
Pilot 3 samples 1 1  mean 3.9 deviation 0.02 range 0 . 0 9  minimum 

Totals  samples 33 mean  3.8  deviation  0.04  range  0.13  minimum 

ANALYSIS o f  VARIANCE ( ATC  and  SELF, 90 Sec  data ) 

cell  means  for 1-st dependent  variable -- Separation 

3. 3 maximum 
3.8  maximum 
3. 7 maximum 

3. 3 maximum 

3. 8 maximum 
3. 8 maximum 

3. 8 maximum 

3. 8 maximum 

3. 8 

4. 1 
4. 1 

4.  1 

3. 9 

3. 9 
3. 9 

3. 9 

marginal 
pilots = Pilotl  Pilotl  Pilot2  Pilot2 
control = ATC 

Pilot3  Pilot3 

separation 3.64833 3. 79636 3. 91333 3. 76909 
ATC  SELF 

count 6 1 1  1 1  5 1 1  
3. 82600 

6 
3. 81636 3. 79400 

50 

SELF  ATC SELF 

standard  deviations f o r  1-st dependent  variable - Separation 
pilots = Pilotl  Pilotl  Pilot2  Pilot2 
control = ATC 

Pilot3 Pilot3 

separation  0.22257 
ATC 

0.03264 0. 10191 0. 03300 0. 16196  0.02501 
SELF SELF  ATC SELF 

ANALYSIS  of  VARIANCE f o r  1-st dependent  variable - Separation 
source 

mean 
pilots 
control 
interaction 
error 

sum  of  degrees o f  mean f 
squares  freedom  square 

tai 1 
probability 

643. 18916 1 643. 18916 65458. 99 0. 0000 
6. 34 0. 0038 
0.00 0.9479 
8. 45 0. 0008 

0. 12450 2 0.  06225 
0. 00004 1 0. 00004 
0. 16614 2 0. 08307 
0. 43234 44 0. 00983 

SELF  Separation -- 60 Sec 
Pilot 1 samples , 

6 mean 2. 4 deviation 0.02 range 0.05  minimum 2.4  maximum 2. 5 

Pilot 3 samples 6 mean 2.4 deviation 0.00 range 0.01  minimum 2.4 maximum 2. 4 
Pilot 2 samples 6 mean 2. 4 deviation 0. 04 range 0. 10 minimum 2.4  maximum 2. 4 

Totals  samples 18 mean 2.4 deviation 0.03 range 0. 10 minimum  2.4  maximum 2. 5 

SELF  Separation -- 45 Sec 
Pilot 1 samples 8 mean 1.9  deviation 0. 14  range 0.32  minimum 1.8 maximum 2. 1 

Pilot 3 samples 8 mean 1.9  deviation 0. 14 range 0.30  minimum 1.8  maximum 2. 1 
Pilot 2 samples 8 mean 1. 9 deviation 0. 18 range 0. 45 minimum 1. 7 maximum  2.2 

Totals  samples 24 mean  1.9  deviation 0. 14 range  0.45  minimum  1.7  maximum  2.2 



TAEGE 11.- Continued 

ATC  Separation 

Pilot 1 samples 6 mean 9 2 . 4  deviation 4.17 range 11.99 minimum 87.5 maximum 99.5 
Pilot 2 samples 6 mean 9 3 . 9  deviation 2.30 range 5.71 minimum 90.1 maximum 9 5 . 8  
Pilot 3 samples 5 mean 91.8 deviation 5.25 range 13.11 minimum 86.5 maximum 99.6 

Totals  samples 17 mean  92.7  deviation 3.84 range  13.11  minimum  86.5  maximum 99.6 

SELF Separation -- 90 Sec 
Pilot 1 samples 11 mean 90.5 deviation 1.29 range 4.09 minimum 89.1 maximum 9 3 . 2  
Pilot 2 samples 11 mean 9 0 . 3  deviation 0.91 range 3.22 minimum 88.3 maximum 91.5 
Pilot 3 samples 11 mean 89.6 deviation 1.42 range 4.83 minimum 85.9 maximum 90.7 

Totals  samples 33 mean 90. 1 deviation 1. 24 range 7.29 minimum  85. 9 maximum  .93. 2 

ANALYSIS  of  VARIANCE ( ATC  and SELF. 90 Sec  data ) 

cell  means  for 1-st dependent  variable -- theoretical  IAT 
pilots = Pilotl  Pilotl  Pilot2  Pilot2  Pilot3 Pilot3 
control = ATC  SELF  ATC SELF ATC 
I AT 92. 34000 90. 42000 93. 82167 90 21545  91. 78600 89. 56636 90. 96240 

SELF 

count 6 11 6 1 1  5 1 1  50 

marginal 

standard  deviations  for 1-st dependent  variable - theoretical  IAT 
pilots = Pilotl  Pilotl  Pilot2  Pilot2  Pilot3  Pilot3 
control = ATC 
I A T  4. 17040 1. 2887 1 2. 29594 0. 91296 5. 25020 1. 42247 

SELF ATC SELF ATC SELF 

source 

ANALYSIS  of  VARIANCE for 1-st dependent  variable - theoretical  IAT 
sum  of degrees  of mean f tail 
squares freedom square probability 

mean 
pilots 
control 

error 
interaction 

372760. 87614 1 372760. 87614  61028. 05 0. 0000 
1. 08 0. 3498 
12. 19 0. 0011 
0. 51 0. 6043 

13. 14219 2 
74. 43382 1 
6. 2231 1 2 

6. 57110 
74. 43382 

268.  75313 
3. 11156 

44 6. 10803 

SELF Separation -- 60 Sec 
Pilot 1 samples 4 mean 60.0 deviation 0 . 8 3  range 2 . 4 2  minimum 58.4 maximum 6 0 . 8  
Pilot 2 samples 6 mean 59.6 deviation 0.91 range 2.54 minimum 58.5 maximum 61.1 
Pilot 3 samples 6 mean 6 0 . 0  deviation 0.25 range D.69 minimum 59.6 maximum 6 0 . 3  

Totals  samples 18 mean  59.8  deviation  0.71  range 2.67 minimum  58.4  maximum 61. 1 

SELF Separation -- 45 Sec 
Pilot 1 samples 8 mean 4 5 . 0  deviation 0 . 3 5  range 0.96 minimum 44.6 maximum 45.6 
Pilot 2 samples 8 mean 44.6 deviation 1.30 range 3.49 minimum 42. 7 maximum 46.2 
Pilot 3 samples 8 mean 45. 0 deviation 0. 16 range 0.49 minimum 44.8 maximum 45. 3 

Totals  samples 24 mean  44. 9 deviation 0. 77 range 3.49 minimum 42.7 maximum 46.2 
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TABLE 11.- Continued 

ATC  Separation 

Pilot 1 samples 6 mean  96.1  deviation  5.94  range  15.47  minimum 86.0 maximum  101.4 

Pilot 3 samples 5 mean 100.3 deviation  4.39  range 11.01 minimum  96.3  maximum  107.3 
Pilot 2 samples 6 mean  101.7  deviation  2.76  range  6.15  minimum  98.4  maximum  104.6 

Totals  samples  17  mean  99.3  deviation 4. 94 range  21. 33 minimum 86. 0 maximum 107. 3 

SELF  Separation -- 90 Sec 

Pilot 2 samples 1 1  mean  96.2  deviation  1.50  range  3.75  minimum 94.4 maximum  98.2 
Pilot 1 samples 11 mean 98.2 deviation 1.76  range 5.72 minimum  95.2  maximum 101.0 

Pilot 3 samples 11 mean  99.1  deviation 0.97 range 3.54  minimum  96.6  maximum 100.1 

Totals  samples 33 mean 97.8 deviation 1.87  range 6.52  minimum  94.4  maximum 101.0 

ANALYSIS o f  VARIANCE ( ATC  and  SELF, 90 Sec  data ) 

cell  means f o r  1-st dependent  variable - actual  IAT 
pilots = Pilotl  Pilotl  Pilot2  Pilot2  Pilot3 
control = ATC 

Pilot3 

I AT  96. 10333 98. 15000 101. 63333 96.  16091 100. 23600 99. 08182 98.29840 
ATC  SELF 

count 6 11 6 1 1  5 1 1  50 

marginal 

SELF  ATC  SELF 

standard  deviations f o r  1-st dependent  variable - actual  IAT 
pilots = Pilotl  Pilotl  Pilot2  Pilot2 
control = ATC  SELF  ATC 

Pilot3  Pilot3 

IAT 5. 94164 1. 76191 2. 75648 4. 39492 0 .  96523 
ATC 

1. 50402 
SELF SELF 

ANALYSIS o f  VARIANCE f o r  1-st dependent  variable - actual  IAT 
source 

mean 
pilots 
control 
interaction 
err or 

sum o f  degrees o f  mean f 
squares  freedom 

tai 1 
square  probability 

433854. 50985 1 
50. 19204 

433854. 50985 53811. 71 -. 0000 
2 

26.02266 
25.09602 3. 11 0.0544 

1 26. 02266 3. 23 0. 0793 
110. 49150 2 
354. 74804 

55. 24575 
44 

6. 85 0. 0026 
8. 06246 

SELF  Separation -- 60 Sec 
Pilot 1 samples 6 mean 62.9 deviation 1.04 range 2.70 minimum 6 1 . 8  maximum 6 4 . 5  
Pilot 2 samples 6 mean 6 1 . 6  deviation 0 . 6 2  range 1.70 minimum 6 0 . 8  maximum 62.5 
Pilot 3 samples 6 mean 6 4 . 0  deviation 0 . 3 4  range 0.83 minimum 63.6 maximum 6 4 . 4  

Totals  samples 18 mean 263.8 deviation  1.22  range 3.63 minimum 60.8 maximum  64. 5 

SELF  Separation -- 45 Sec 

Pilot 2 samples 8 mean  47.3  deviation  2.47  range 7.12 minimum 44.2 maximum  51.3 
Pilot 1 samples 8 mean  47.6  deviation  1.47  range  4.92  minimum  45.9  maximum  50.8 

Pilot 3 samples 8 mean  49.0  deviation  2.09  range  5.02  minimum  47.5  maximum  52.6 

Totals  samples 24 mean  48.0  deviation  2.10  range  8.41  minimum  44.2  maximum  52.6 
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TABLE 11.- Concluded 

ATC Separation 

Pilot 2 samples 2 average activity 19 (27) maximum 24 (29) 
Pilot 1 samples 2 average activity 3 ( 9) maximum 4 (12) 

Pilot 3 samples 5 average activity 24 (31) maximum 29 (38) 

Totals  samples 9 average  activity 18 (25) maximum 29 (38 

SELF Separation -- 90 Sec 

Pilot 2 samples 6 average activity 15 (21) maximum 24 (38 
Pilot 1 samples 5 average activity 20 (27) maximum 32 (41 

Pilot 3 samples 11 average activity 25 (34) maximum 44 (57 

Totals  samples 22 average  activity 21 (29) maximum 44 (57) 

ANALYSIS o f  VARIANCE ( ATC and SELF, 90 Sec  data ) 

cell  means f o r  1-st dependent  variable - throttle  movements 
pilots = Pilotl  Pilotl  Pilot2 
control = ATC 

Pilot2  Pilot3 
ATC SELF 

Pilot3 

throttle 1. 16667  9.  36364  6.  50000 
ATC SELF 

count 
8.  54545  24. 00000 25.  27273  12.  82000 

marginal 

SELF 

6 1 1  6 1 1  5 1 1  50 

standard  deviations f o r  1-st dependent  variable - throttle  movements 
pilots = Pilotl  Pilotl  Pilot2  Pilot2 
control = ATC 

Pilot3 Pilot3 

throttle 1. 83485 11. 90187 10. 46422 8 97066 6. 00000 
ATC 

9.  18794 
SELF ATC SELF SELF 

source 

ANALYSIS o f  VARIANCE for 1-st dependent  variable - throttle  movements 
sum o f  degrees o f  mean f 
squares  freedom  square  probability 

tai 1 

mean 
p i  lots 
control 
interaction 
error 

6950.21645 1 
321  1.25322 

6950.  21645 
2 1605.  62661 

81.  04 0 .  0000 

164.  50216 1 164.  50216 
18. 72 0. 0000 
1. 92 0. 1731 

108. 74568 
3773.  78788 

2 
44  85.  76791 

54.  37284  0.  63 0. 5353 

SELF Separation -- 60 S c c  

Pilot 1 samples 6 average activity 25 (30) maximum 34 (41) 
Pilot 2 samples 6 average activity 18 (22) maximum 30 (33) 
Pilot 3 samples 6 average activity 25 (33) maximum 32 (41) 

Totals  samples 18 average  activity 22 (28) maximum 34 (41) 

SELF Separation -- 45 Sec 
Pilot 1 samples 8 average activity 27 (33) maximum 47 (52) 
Pilot 2 samples 8 average activity 20 (27) maximum 28 (33) 
Pilot 3 samples 8 average activity 29 (38) maximum 41 (57) 

Totals  samples 24 average  activity 26 (33) maximum 47 (57) 
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5 2 2 1 2 
1 ~ 

I 

7 

Difficult Very 
difficult 

I 

Impossible 

aExplanation o f  pilot-workload  ratings is given as f o l l o w s :  

Data-block  format 

Lead  aircraft  with 
same V Lead  aircraft  with 

faster V ref 

Total 



TABLE 111. - Continued 

(b) 60-sec separat ion  interval  

A l l  
p i l o t s  

1 2  5 

Not ~ 

e a s y  d i f f i c u l t  
D i f f i c u l t  Very ~ I m p o s s i b l e  

1 

1 1  I I 

W 
W 



W 
P TABLE 111.- Concluded 

(c) 45-sec separa t ion   in te rva la  

1 4 3 

13 6 

D i f f i c u l t  d i f f i c u l t  
V e r y  I I m p o s s i b l e  

I 
a E x p l a n a t i o n  o f  p i l o t - w o r k l o a d   r a t i n g s  i s  g i v e n   a s   f o l l o w s :  

D a t a - b l o c k   f o r m a t  

L e a d   a i r c r a f t  w i t h  L e a d   a i r c r a f t   w i t h  
same V r e f  

f a s t e r  V 
/ 

r e f  

/ T o t a l  
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